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The cool$ng chezaoterist%cg of a 14-cylinder double-row .
radial air-cooled engine installed h a four-engine airplane
have been Investigated.” All cooling data were obtained dur~ a
single flight at a pressure altitude of 7000 feet. The lmestl-
gation was conducted h such a manuer that the effects of clwmge-
alr flow, cooling-alr pressure drop, and fwl-alr ratio”on the
engine coollng characteristics COUM be separately Investigated.

The fli@t COd~ data wws correlamd by the IllsthOddevel-
o~d ti NACA ~port ~o . 612. I?reuctione of maximum engine tempa’a-
tums and cooll,ng-limitedengine perfomua,ncewem then.made from
the correlation resulte for nozmal.fllght condltione of the airplane.
~ temperatures at the re= mlddla of the cyl~r bu’rel were
@%ater than 350° F for W condltione Imvestlgated. Temperature-
l~ted ~rfo~e -e prfi~~~d for ~ti l~ts of 4000 ~ 450° F.
ThO tzra%rsi-liaited perfo~e predicted for 400° F end cowl
flaps one-third W&an agreed ve~y wl.1 with ‘de mlalfacturer’s
qQeclfledIllsxhlllmCrulslng po%wr in (xmbinatjmn wit~ the cEu’buretor-
Metering characteristic curve.

m!rmmmm

At the request of the Army Air Forces, Air Technical Service
.c~, a general imveetigatlan on the evaluation of triptane and
other high-eatlknock fuel ccmpmmde as cuaponents of avlatlm fuels
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2 HACAMR NO. E4L20

is being conducted at the HA(IACleveland laborato~. The first phase
of the flight.program - the detemlmticm of coollng characteristics “
of the engine - is presented herein. .A correlation ot the cooling
characteristics is necessary In ordei”to compem tM cool* -llmited
power of the engine with the Imock-lhuited power and thereby evaluate
test fuels.

A fllght wae made with a 14-cyllnder double-row radial ah-coaled
engine Installed In a four-engine airplane at a presmre altitude of
7000 feet, low blower ratio, em engine speed of 2230 rpm, and a spark
advance of 25° B .T.C. The fuel was 28-R. The installation of cyllx@Z
thermocouples and cool.i~-air premmre tubes confmmed to current NACA
practice. The results obtained are described herein and a completion
of the engine cooling data Uamd on tlm method developed tn reference 1
is presented.

. EQUIPMEBT AND 21STRU!4F3TATION
..

The Investigation was conducted with an 3-IW30 -90C engine mounted
In the left Inboard nacelle of a B-240 airplane shown In fIgure 1. The
engine Is a 14-cylinder double-row radial air-cooled en@.ne with a
normal rated power of IMO brake horsepower at 2550 ~ and take-off
Fewer of 120@ brake horsepower at 2700 rpn. The test engine differs
fmm the engines which are st~ equipnent In the airplane In that
It Is equipped with a slugle-stage, tyo-epeed.superc~er hav~ff a
low blower ratio of .7.15:1and a high blower ratio of 8.47:1. A
manual control wah Installed for the waste gate of the turbosuptm-
charger to provide better boost control. The en#ne was equi~ed with
a thrw -blade prope~er and was fitl%d-with a hydraul~c torquemeter
having a war ratio of 16:9. A PD-12F2-16 lnJection carburetor, pro-
vided with a special mixture-control plate, was used on the test englme.

The airplane wae so equipped that all data could be recorded within
10 seconds &ter stabilization. A 100-tube liquld mancmeter and a
60-cell NACA recording manometer were utilized for measuring the engine
coollng-air pressures. The temperatures were Indicated by meene of”” .
tWO NACA Z’OCOI’d@ @.VEUICXW tm?s capable of recording 100 tampemtures
uithln a 10-second period. The carburetor wus calibrated In en “air “
box in order that the rate of air flow could be detemined In flight
by measuring the carburetor-airmetering presmuros. The air-box cal.--
Ibration was corrected for Installatlcm effect by a recalibration with
the carburetor on the engine In the airplane and all duct= h ..
place. Fuel flows wme manually recorded from a rottiter and ware

. .
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,“ dhedred b$ a defIectizig-vane-%ypetidlontor. Fuel-air‘ratiowaa

determined Ibxxnfuel- anllati-flow oalaulati&s and wns checked
by Oreat analysis of the oxidized exhaust gas. .

.

Ih@ne oooling-air prsssure drop for the cylinder heads was
taken as the average differential pressure between the tihreetotal
pressures at the baffle entrance of the front-row “cylinderheads
and the two static pressures in the stagnatlcm region“behindthe
head baffle and in the baffle-exit curl of the rear-mu oyllnder
heads. The oooling-alr pressure drop aoross the engine for the “
barrels was taken in a slmllar manner using the two front pressureE!
and the one static pressure In the’baffle ourl. The looatlon of
the pressure tubes on the oylinder baffles is Illustrated In fig-
ure 2.

Cylinder-head tmnperatures used in the cooling nnalysis were
measured by 14 embedded tharmooouples, desi~ted T38 ti fl~ 2~
Inserted one third of the bond-metal thlokneas into the rear-spark-
plug bees of tho cyllnders. The thermcmouple junction WES looated
at the botta of a brass buehing (1/&ln. diam.), as showm In fig-
ure 3. Figure 2 also shows the rear-spark-plug-gasketthermocouple
TM used h datermlnlng temperature limits in accordance with manu-
facturer’s speclficatlom.

The barrel temperature was measured by thermocouple T6 In the
rear middle of the cylinder outer wall between fins 6 and 7, counting
fram the top fin. (See fig. 2.) The @nction of this thermocouple
was spot-welded to the cyllnder outer wall.

Free-air atatlo
static-pressureboom
special slx-Junctlm

The flight test

pressure was measured by an NACA swiveling
and free-air temperature was Indicated by a
pyrcineter.

1. Chiirgo-airflow was varied while tho fuel-alr ratio was held
as oloae to 0.08 as possible and the engine cooling-air preseure drop
.Ws.m4@ta@d .appro@mat.elyconstant,

2. Coollng-air pressure drop was varied while”fuel-air ratio
and engine-air oonsumptlcm were maintained approximately ccnstant.

3. The fuel-air ratio was varied while cooll~-alr pressure drop
and oharge-air flow were maintained approxhately oonatant.

— —
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CORRELATIOIVPRWEIXIRE

Tho engine coollng data were reduced by

NAcAlm Ho. E4uo

..

the com?elation method
developod im reference 1; The standard equaticm developod In refer-
ence 1 may be proeented In the f- “ .,

whero

Ta

Th

%

Tm

Ta

Me

o

Ap

Th-Ta Tb-Ta
%?

Tgh - Th
—=K—

‘T&-Tb (Ohp)m

. .

coollng-alr temperature, % (computed sta~ation temperature)

average (of 14 cyllnders) cylhder-head t~poraturo, OF

average (of 14 cylinders) cylinder-barrel temporcturo, OF

mean effective gas t~mpcomture for head, OF

moan effective gas temperature for barrel, ‘F

rutio of cooling-air sta~tlcm density at face of engine
to NAM. standard density at sea level (stagnationdensity
calculated frcm frco-air pressure end tomporatum at each
fllght velocity)

coollng-air pressure drop, inches of water

n, m, K cmstants derived fra coollng data

The coollng equatiau can also be pzwsentod h the form

where T dosignntes engirm tcmpcn-atum, either head or barrel.

The mean effectlvc gas temperature Tg represents the aver-
age cycle gas temperature effectlvo In the transfer of heat fram
gases wlthh the cylinder chamber to the cyltider wnll. Theovaluos
of Tg, acccrdlng to NLC& cool- reccmamndatlons, are 1066 and
536°Ffor heads and barrels, respectively, at a fuel-~ir ratio
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of 0.08 and a carbur&n-air temperature of 0° F. The
necessary for developing the correlation were based cm

5

calculations
q poxtion of

~ curve para12el to the TaT
@Cl

curves obtained vltl-b same

model double-row radial alr-coole~ e@IIS auxintedon d tbsb”sl&d.

ventea maintaining a const&t fhel-alr ratio of 0.08 ~ because of
ths lidtations In c@m-et6r metibrw g.“~ *SiS p~sen~d ~
this report is based cm T~. . .-...,... .. ““, ...

The “meaneffective gaq -era-. T8. ‘w&sarrivedlat in the

comentiond mannsr (referenoe 2). BecaW of -1 ~WfiZati~ ~

the Intake manifolas, tk temperature of the charge ~ oould not
be accurately measured by a themnooo@le and was therefore taken as
the sum of ti c=buretor-inlet temperature Tc and the cmputea

temperature rise ac”mss the ~ro~er. .“~ values of Tg were

then determined froni’~.: fol&x@$ eq~tions, Whioh are completely
dertved in referenoe 2.

‘%=‘% : - t’%%?qp-s,I+ 0.8 ~ =Tg& + 0.8 Tc +19.5

+ o.8%?!Tm=’T
‘h

\J
“T% * % “ lC “ ● (+91 ‘bmls)

+0.42T +195

Curve9 wed for d.eWmlnlng +Jie*orients i and “m ere pre-
santea h flgl,mee4 and 5. The ~ments ‘h were detemined from
the slopes of the curves in f@re 4 In-whioh,c~~-qir flow is.. ..

plotted &.a*t “T“=”Ti .at .a”ctI&*t cool”~;alr wei’~. -p

,TG-. T
.,. . . . :,, ,.,. ..”

Ap and “a.ftml-air fitlk of Q .08.“..~ ~nts m“ were date-a
:In a simliar manner fr~ f@re...5 In @ioh ‘oAp Is’the variable
instead of”chkrge-atr flow..‘Correlationcurvef3wers then 0bbh,9a

~dm “for-~fia ~- f’~ b~ls .
by SLottbg T -‘a EWIIMt

Tg - T . m’

Constapt conditions w*: d,lfffcult“tomaintain k flight; there-
fora, corrections had to be made for variations of Me and o Ap

aurlng runs when either of”these faobrs” was”supposedly held con-
@Eult. A series of prelimina&y graphs was made for both the con-
struction curves and the correlation 1-s until the error au to

the variations of oAp “and & .was reduoed to a negl~ible emownt.
The find correlation ekes ~ @wn In f@re 6.

.-
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Curves of T
&

agalm.etfuel-air ratio for heads and bem%ls

(f@. 7) were aetemnea frcm runs at variable fuel-air ratio during
which Ap end engine cherge-alr flow were maintained as nearly con-
s*ant as possible.

. .

RESULTS AND DISCUSSION

The final correlation curves (fig. 6) represents the cooling
bharactorletlcs of the engine at a pressure altitude of 7000 feet.
Th6ee. oharaotorlstlcsmay be mathematically expressed by the fcYl-
- lovjx@ equations:

., .
. .

. ..

. .

. .. .

[-1~“ ‘a -.0324 ~’w36 wo9d!?!?Y;3a
‘%-Th “

(cMP)
o.321

[}

0.737 -
‘b”. Ta =O,n”%. r

‘G - ‘b (CJAP)
0.438

(hgkl.e)

0.438

0

1.68” .
Me

0.79 — (W’relF3)
.(JAP .

The equations apply for v&es of T. obtained I?&m the T. curve---
.1established in”this test.

0 ~o

The’detiatlons of the maximum cylinder temperature frcunthe
averago cyllhdcn?temperature, as determined In flight, are shown for
heads and barrels in flgur6s 8 and 9, reepectivoly. These curves
are inoluded to pemnit th6 prediction of maximum temperatures from
the Lverago tomp6maturoq, whioh were obtained by means of the cooling
equation. In order to cmqxu?e thertempe~.tures predicted by the
ooollng equation with the maximum cylinder temperatm.es specified @
the englm manufacturer (reference 3), a curve showing the relation
between the average raar-spark-plu’g-bosstemperature T8

z
used for

the oorrelathn and th~ mnximum rear-spark-plug-gasket emperature
Tl& Waa plotted. (See fig. 10.) R& the noimal operating cmn-
ditlons of the alrplantispeciflod In the flight manual (reference4),
thdmaxhum temperatures tabulated in the last column of:table I
could be oxpocted. Theso predicted temperatures are based on Amy
.spmmerair. The barrel temper@res predicted by the cooling equation
were ~ a+l oases higher than those carespauding to the llmltatlons
set by the manufacturer for the rear of the cylinder flange; the
.manr&hcttirts maximum head-temperature Muitatlons appear to be
satisfied within a reasonable margin. The top rear-row oyllnders
wero the hottest during the cooling t“estand were ustiallyIn a
dacreaaing order of 3, 1, 13, and 5.

.I
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Figure 11 shows the pred.lctedtenrperature-llmltedmanifold

pressure, brake horsepower, and rear middle-b-l tergperatures “
~ctia aur* fllght of the airplane of 50,000 pounas gross
wel@t at a dbnsity altitude of 7000 feet for mex3mnm rear-sp=k~
plug-gasket tmpemhurea of 400° d &50° E’. Celculat20ns were
made by the use of the c“imiseccdrol chart for the B-29D atrplane
(reference 4) and.air-flow mE@fold-preaeure data obtained with
high-performance f%.ela. hasmuch as the maximum cowl-flap Openhg
specified.~y the airplane manufacturer is one-third open, no wider
eett*8 were investigated. The engine manufacturer’6 inetructione
for mexlnum cruise with the test engine specify a manifold pres-
sure of 28 hche e of mercury absolute at 2250 -, low blower ratioj
and alltcxmtic-leansetting. The autcxnatic-lean,carburetor-metering
characteristic curve in fIgure Il.lnd.lcatesthat this cruising power
falls close to the estimatid taqpemture-limlted performance curve
for a msxlmm rear-sp-k-plug-gasket temperature of 400° F with cowl
flaps one-third open.

Coollng of the double-row radial air-cooled engine Is more
critical for cylinder beznwls than for heads, according to the
manufacturer~s temperature llmlts. This limlt for cylinder barrels
is 335° F at the rear of the cylinder flange, which was found to be
approximately equivalent to a rear middle-b~l temperature of 350° F
on the same model engine on a teat stand upon which both temperatures
were simultaneouslymeasured. .Barrel temperatures predicted by the
cooling equation exceed the limitations set by the manufacturer by
a considerable amount. The predicted tsunperatureshave been sub-
stantiated by measured temperatures abuve 400° F on the rear tiddle
barrel during take-off, crulea, and nomal landlng approach. Because
the engine cooling-alr pressure drop for the airplane is exceptionally~
~) ae~t~s h~er - those obeerved drc?lngthese tests could
be expected for this engine when ~talled in certain other airplanes.
The cooling-air pressure drop for the Installation investigated vtied
from O.5 of. the free-stream impact pmSSUZ-O with cowl flELpS clO~a to
O.% of the free-stmem Impact pressure with cowl fla~s ftlll-open.

I

The fo~o~ coollng characteristicswere detemlned for
14-oy13nder double-row radlel air-cooled engine Installed in a
four-er@ne airplane:

1. The cooling equation for the engine was:

. .- - —-- .- .-. .
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“ “ Th .“Ta

[1

0.636
%3.

= 0.?)24. — @w.a ~

. “T41 .- ‘~ ‘ (Oap)” “Y

[1“%0.737 -
Tb - Ta

= 0.791. - (barrels)

‘Kb.-% (tip) “

. 2. The prodlctcd rmr middle-bwral temperatures for the fll@
c~ndltlonq tiV0i3tigatadexceeded 350° 1?,whloh corroaponds to tk
manufacturer’a llmlt of 335° F at tha rear of the cyllndor flungo.

3. The p.rQdlotGdcoollng-limitGdmanifold pressure, based an
assumed opm%ticm of the .alrplanewith four doublt?-rowradial eir-
cooled pngines &t 2230 rpm wtth cowl flaps one-third open, varies
frcm 28 inches of meroury absolute at a fuel-air rctio of 0.067 to
52 inches of nwrcury absolute nt c futil-airratio of U.1O for a maximum
rear-spark;plug-gaskett.mpmaturo of 400° F (desired opere%lng tem

~ perature); the range of uwnifcld pressure was frcm 44 to 85 Inches of
., mercury absolute for CGW1 fi~ps ono-tliirdop~n and a maximum rcar-apr.rk-

“ plug-gasket tomperaturo .of450° F (maxhum cruisln~ tumymature)..

.4.The manufacturer’s specified “inaxtiumorulsing puwer at an
.engtiespied of 2250 rpm agreed olosely with the tomp~raturc-ltilted
puuar for n maximum rear-spork-plug-gnskattemporaturo of 4(?0°Fwlth
cowl flaps ono-third open.

. .

Aircraft Engine Resoerch Laboratory,
N@ionnl ;,dviaoryCcmmdttae for :’.cronautics,

Cleveland,

1. Pl@el, BonJamIn:
Cyllnders. NACA

Ohio, ‘December20, 1944.
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TABIJZI- CQKPARISOFOF _AmW.U~ ‘S TWPmT~E LIMITS dTTH PREDJ.CTE31

MAXC!ii TN!H=??I’UR.=FOP ?!OWALOFER.ATINGN!NOITICNS

OperatingEngine lianifold‘Brake Mixmre ‘Cowl-flapLocation I!!nufacturer 1s Predicted

conditionspead pressurehorse- 1setting position temperature maxjmum

(rpm) (in.Hg p~er limits” temperatures
abs.) (°F) (%’)

Military 2700 45. 1200 Autonmtic :/3 o~en Head @o
power

417
rich 3arr21 C350 386

Take-off 2700 48 1200 Automatic1/4 to Head ;00 go6
rich 1/3 open Barrel Jso *O

Normal 2550 41 1100 Automatic 1/4 to Head 4#o
rated rich 1/3 open Barrel 3~J “

ya

pcwer

Maximum 2250 28 700 AutomaticClosed Eead 450 413
cruise lean Barrel 350 39<

Mifiinum 17;0 31 ~~o Automatic Clcsed qeti 450 396
spacific lean Earrel 3 so
fuel con-

350

sumption

Normal 2550 -——- AutomaticClosed Head -——---—- 435
landing (app2:ax.) rich Barrel ———-— - 418
apmmach s.— ——.

%kxmfacturer’8 tempemture limit.Head tempmatures are rear-spark-plug-~sket temper-
atures T12; barrel temperaturesare rear midd~e--l temperatures T6.

bCalculatlonsexoept i?ortake-offpower based on ~ sumner alr at pressure”altitudeof
70C0 feot, cooling-air and carburetor-airtemperaturesof 60° F. Tempemdmres given
are as in footnotea.

%ear middle-%i?reltempe=ture of 350° F was found to correspondto a tenpematureof
335° F at the rear cylinderflange specifiedby the nmnufact-urer.

NATIONALADVISORY CC&WXTEE
~ AEMlUUTIC9
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Figure 1. - View of four-enginealrplam used for flight knock and cooling Investigation.
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(a) Method of locating thermocouple.

24-gage, glass-insulated, iron-
constentan, duplex thermocouple
wire

30 percent of

/

head-metal Ed:;:e:~ hole peened for holding
thickness

l/8-inch-diameter brass sleeve with
l/10-inch-diameter hole drilled

*

to within 1/16 inch of bottom
/

0.040-inch-diameter hole

/ ottom of hole tapered for a wedge
fit

Thermocouple wires silver-soldered

N\\\Rsi::::’::::::leeve

(b) Method of installing thermocouple.

Fl~ 3. - Methods of looatlng and installing embedded thermocouple
T38 In rear-spark-pl~ boss on cylinder head of double-row radial

air-cooled engine.
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Figure 4. - variation of ‘h - ‘= and ‘r”— b - ‘rawith Me at a pressure

‘gh - Th ‘6b
- Tb

altitude of 7000 feet. 6Ap, 12.5 inches of water for head and
11.7 Inches of water for barrel; low blower ratio; fuel-air ratio,
0.08; engine speed. 2230 rpm; spark advance, 25° B.T.C.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 5. - variation of ‘h - ‘aand

‘f%- Th

altitude of 7000 feet. Charge-air
low blower ratio; fuel-air ratio,
spark advance, 250 B.T.C.

Tb - %Wlth f~p at a pressure

%- ~
flow, 5000 pounds per hour;
0.08; engtr.e speed, 2230 rpm;

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 6. - Cooling-correlationcurve at a pressure altitude of
7000 feet. Low blower ratio; engine speed, 2230 rpm; spark
advance, 25° B.T.C.

NATIONAL ADVISORY
COMUITTEE FOR AERONAUTICS
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